Epoxide hydrolases catalysing the hydration of cis-9,10-epoxystearate into threo-9,10-dihydroxystearate have been detected in soybean (Glycine max) seedlings. The major activity was found in the cytosol, a minor fraction being strongly associated with microsomes. The soluble enzyme, which was purified to apparent homogeneity by (NH4)2SO4 fractionation, hydrophobic, DEAE-and gel-filtration chromatographies, has a molecular mass of 64 kDa and a pI of 5.4.
INTRODUCTION
Epoxidized fatty acids, particularly from the C18 family, are naturally occurring metabolites in higher plants [1] . They are considered, along with their dihydroxy derivatives, obtained by hydrolysis of the oxirane, to be involved in the host's defence against fungal and bacterial pathogens [2] . Cutin was also found to contain high levels of such epoxy fatty acids and, importantly, their corresponding dihydroxy fatty acids take part in the reticulation of this biopolymer [3] . Until lately, however, the enzymes responsible for the epoxidation of free unsaturated fatty acids and their conversion into vic-diols were unknown. We have recently reported that peroxygenase, a membrane-bound hydroperoxide-dependent oxygenase purified from soybean (Glycine max) seedlings, actively catalysed the epoxidation of cisdouble bonds of unsaturated fatty acids [4] . Despite their physiological importance, epoxide hydrolases (EC 3.3.2.3) have been surprisingly poorly investigated in higher plants. This contrasts with the wealth of information available for this class of enzymes in mammalian systems (for reviews see, e.g., [5, 6] ). One of the rare reports on epoxide hydrolysis in plants was by Croteau & Kolattukudy [7] ; it concerns the hydration of 9,10-epoxy-1 8-hydroxystearic acid to threo-9, 10,1 8-trihydroxystearic acid catalysed by a particulate fraction from apple (Malus sp.) skin [7] . We describe here the occurrence of both membranebound and soluble fatty acid epoxide hydrolases in soybean seedlings and the purification to apparent homogeneity of the soluble form.
EXPERIMENTAL Materials
Elaidic acid, threo-9, I 0-dihydroxystearate, erythro-9, 10-dihydroxystearate and octyl-Sepharose CL-4B were purchased from Sigma. Oleic acid was from Aldrich. [ Enzyme purification Microsomes and supernatants obtained at 100000 g were prepared from soybean seedlings as described in [11] . All subsequent steps were performed at 4 'C. The membrane preparations were carefully washed by resuspension in 100 ml of 0.1 Msodium pyrophosphate buffer, pH 7.4, followed by the same volume of hypo-osmotic medium (0.01 M-potassium phosphate, pH 7.4). The final high-speed supernatant was subjected to fractionation with solid (NH4)2SO4. The supernatant of a 40 %-satn. step was adjusted to 60 % saturation in (NH4)2SO4. After stirring for 30 min at 0 'C, the precipitate was collected by centrifugation.
Hydrophobic chromatography. The pelleted proteins were redissolved in a minimal volume of 0.01 M-potassium phosphate buffer, pH 7.4, containing 1.56 M-(NH4)2SO4 (buffer A), and immediately applied to a 1.8 cm x 3.5 cm octyl-Sepharose column equilibrated with buffer A. The eluate was recycled ovef the column, overnight, at a flow rate of 0.5 ml/min. Unbound material was then removed by elution with buffer A. Proteins were eluted with 80 ml of 0.01 M-phosphate buffer, pH 7.4, containing 0.78 M-(NH4)2SO4, followed by the same buffer devoid of (NH4)2SO4.
DEAE-Trisacryl step. The pooled active fractions, after overnight dialysis against 1.2 litres of 0.01 M-Tris/HCI, pH 8 (buffer B), were applied (0.4 ml/min) to a 1.8 cm x 5.5 cm DEAETrisacryl M column equilibrated with buffer B. Unbound material was removed by elution with the same buffer (100 ml). Then a step (32 ml) of buffer B containing 0.1 M-NaCl was applied, followed by a step (48 ml) of buffer B containing 0.3 MNaCl, which eluted the enzyme.
Gel-filtration step. The active fractions (15 ml) were pooled in a dialysis bag and concentrated to a volume of about 1 ml by using a bed of carboxymethylcellulose. The epoxide hydrolase was finally submitted to gel filtration on a 1.8 cm x 60 cm Ultrogel AcA 44 column equilibrated and eluted with 0.01 M-potassium phosphate buffer, pH 7.4, at a flow rate of0.25 ml/min. Fractions (I ml each) were collected and the pooled peak of activity was used immediatedly or kept at -80 'C. The same column, calibrated with protein markers (cytochrome c, soybean trypsin inhibitor, ovalbumin, BSA monomer and dimer), was used to determine the apparent molecular mass of the purified native epoxide hydrolase. No [12] using BSA (Sigma) as standard. The pl was determined by isoelectric focusing with a PhastSystem (Pharmacia). SDS/PAGE was performed by the method of Laemmli [13] . Gels were silver-stained as described in [14] . (LB 283 ) and the peaks integrated by a dataacquisition system (LB512).
RESULTS
Occurrence of epoxide hydrolase activities in soybean seedlings Subcellular fractions of soybean seedlings are capable of readily transforming cis-9,10-epoxystearate into 9,10-dihydroxystearate. The structure of the latter compound, which co-migrates on t.l.c. with an authentic standard, has been confirmed by g.l.c.-m.s. (see the Experimental section). The majority of epoxide hydrolase activity was observed in the 100000g supernatant (Table 1) . Careful and repeated washings of the microsomal fraction with a pyrophosphate buffer and a hypo-osmotic medium, which totally eliminates soluble enzymes such as peroxidases adsorbed on (or entrapped within) these membranes [11] , resulted in a finite epoxide hydrolase specific activity ( Table 1) . The microsomal activity, which cannot be dissociated from the membranes by further washing (results not shown), accounts for about 1/300th of total cytosolic activity and could therefore represent a membrane-bound form of a hydrolase.
Purification of the soluble epoxide hydrolase
The fatty acid epoxide hydrolase was purified to apparent homogeneity according to the scheme outlined in Table 2. (NH4)2SO4 fractionation of the soybean seedling cytosol resulted in the precipitation of the epoxide hydrolase in the 40-60 %-satn. fraction. A hydrophobic-interaction chromatographic run on octyl-Sepharose proved an essential step in this purification. The enzyme was adsorbed on the gel in a buffer 400% saturated in (NH4)2SO4 and the proteins were fractionated by step elutions [40, 20 and 0 % satd. (NH4)2S04]. The major part ofthe hydrolase activity was eluted as a sharp peak in the latter step (Fig. 1) . Further chromatography on an anion-exchange column was performed with a stepwise elution technique of increasing NaCl concentrations which proved superior to a gradient. An apparently homogeneous form of the enzyme was obtained after a gel-filtration step on Ultrogel AcA 44, with a purification factor of about 900. The molecular mass of the native epoxide hydrolase determined by gel filtration was 64 + 2 kDa (n = 3). The native enzyme revealed a single band on isoelectric focusing with a pl of 5.4, and SDS/PAGE analysis gave one band with a molecular mass of 32 + 1 kDa (n = 3) (Fig. 2) . This suggests that the soluble soybean fatty acid epoxide hydrolase is a dimer.
Characterization of the epoxide hydrolase By using cis-9, 1 0-epoxystearate as a variable substrate, Km(app.) values of 26 + 5 and 45 +77tM were obtained respectively for the microsomal and the soluble hydrolases (Fig. 3) The difficulties encountered with hydrophobic substrates and also with membrane-bound enzymes, namely anisotropic solutions and Km(app.) dependency on the amount of microsomal membranes in the assay mixture, have been documented previously [15] . Both hydrolases present an optimal pH near 7.5 (see Fig. 4 for the soluble enzyme).
Substrate specificity. Purified soybean epoxide hydrolase hydrates cis-9,0 O-epoxystearate exclusively into threo-9,10-dihydroxystearate. The configuration of the reaction product was established by g.l.c. analysis by comparing its retention time with that of an authetic sample after derivatization (see the Experimental section). In contrast, trans-9,10-epoxystearate was a poorer substrate of this enzyme. This could be ascribed in part to the low affinity of this compound for the active site of the hydrolase; for example, the hydration of 25 #M-[1l-4C]cis-9,l0-epoxystearate (about Km/2) was inhibited by only 20% with 1 mM-trans-9,10-epoxystearate. At a high concentration (35 mM) the trans-epoxide was, however, found (using the same g.l.c. technique) to be readily converted into erythro-9,10-dihydroxystearate. The rate observed was about 450% of the maximal rate for cis-9,10-epoxystearate.
In order to compare the soluble soybean epoxide hydrolase with the particulate enzyme previously described by Croteau & Kolattukudy [7] , we assessed its specificity towards cis-9, 10-epoxystearate and cis-9, 10-epoxy- [5, 6] . Importantly, the specific activity of the purified soybean epoxide hydrolase (about 35 ,umol/min per mg of protein) is among the highest yet reported for that class of enzymes [6] . In contrast with the mammalian epoxide hydrolases, for which few endogenous substrates are known (e.g. epoxides derived from arachidonic acid or 5,6a-epoxycholesterol [6] ), the soybean epoxy fatty acid hydrolase described here is rather specific and active on metabolites which are of physiological relevance. Comparatively with the cytosolic epoxide hydrolase, which in animals is active (but not exclusively) on a wide variety of aliphatic epoxides, including 9,10-epoxystearate [17, 18] , the soybean enzyme has a similar pl, is also a dimer, but has a lower molecular mass [5, 6] . The properties of the soybean epoxide hydrolases, i.e. subcellular localization, substrate specificity and optimal pH, clearly distinguish this enzyme from the epoxide hydrolase described by Croteau & Kolattukudy in particulate fractions of apples [7] .
In addition to the soluble form, a minor fraction of epoxide hydrolase of similar specificity was found firmly associated with the microsomes (specific activity 6 nmol/min per mg of protein). This location could ensure a ready access to fatty acid epoxides generated by membrane-bound oxygenases such as peroxygenase. The purification and structural properties of this membrane form of fatty acid epoxide hydrolase need to be further investigated. It is noteworthy in this context that, in rat liver, microsomal and soluble epoxide hydrolases of same substrate specificity were also reported [19] .
In conclusion, this new plant epoxide hydrolase, which is active on endogenous substrates, should provide a better insight into the metabolism of fatty acid derivatives involved in defence mechanisms and cutin biosynthesis.
